Abstract. The objective of the study described here was to develop health and condition monitoring systems for advanced composite aerospace structures using embedded optical sensor technology. Various technological aspects required development, including methods for embedding optical fibres into composite parts, optical connection systems, sensor design and measurement instrumentation, analysis of the effects of the embedded fibres on the mechanical performance of the composite, strain indication errors and separation of temperature/strain superposition effects. A multi-disciplinary team incorporating relevant expertise was established to study these various aspects.
Introduction
The current trend for embedding sensor systems in composite materials with the aim of producing self-monitoring ('Smart') components for future aerospace applications requires development in various fields before this aim can be a practical reality.
The frequently studied optical fibre strain monitoring systems cannot be incorporated readily into composite materials by current aerospace industry manufacturing methods. Practical systems will require robust methods for sensor connection to instrumentation, both in production and service. The embedded sensors should have a minimal impact on the overall mechanical performance of a part, and the monitored signals should reflect accurately the real strain distribution in a loaded structure. The local disturbances to the composite structure caused by embedding sensors will in themselves cause perturbations in the strain field within the material. This will cause localized strain indication errors and deviations from the overall stress and strain distributions. These effects require analytical prediction so that the signals from sensors may be interpreted in a meaningful manner. Additionally, the effects of sensor response to strain and temperature require separation for meaningful measurements.
A multi-disciplinary team studied these aspects of embedded sensor technology to establish the necessary infrastructure for a practical system.
Optical fibre embedding
This study used autoclave cured prepreg lay-up composite materials. At the processing conditions of up to 185
• C and 7 bar pressure, acrylic jacketed fibres were unstable. Accordingly, all the development work reported was based on commercial polyimide jacketed fibres. Embedding these fibres was straightforward, except for the problem at the laminate edge described in more detail in the next section. Since the individual thickness of the plies was of the same order as the fibre diameter, approximately 145 µm, substantial disturbance was caused to the local arrangement of laminate plies, producing resin rich areas adjacent to the fibre. It was found possible to embed crossed fibres into a laminate without mechanical failure of the fibres. However, it was decided from a practical standpoint not to use fibre crossovers between the same two plies in a real part due to the gross disturbance the crossover produced in the local laminate structure. It was found that fibre crossovers, where the fibres were between different laminate plies, produced a smaller disturbance, as shown in figure 1 . Should an optical fibre arrangement of this type be required, for example for a strain sensing array, it is recommended that the individual fibre segments in the crossover be separated between laminate plies.
The purpose of embedding optical fibres into laminates is to provide a strain sensing capability; the strain in the optical fibre should reflect the strain in the laminate. Good adhesion is necessary between the optical fibre and the laminate matrix to achieve this aim. Prior to embedding, all fibres were wiped with acetone or MEK to ensure a clean surface, promoting matrix wetting and adhesion. Additionally, the level of adhesion of the optical fibres to epoxy resins was checked using a variant of the well known tensile fibre microfragmentation test, see for example [1] . This test revealed that, with a properly cleaned fibre, the adhesion of the matrix resin to the polyimide jacket was superior to the adhesion of the jacket to the fibre. Thus, the cleaning methods used were assumed to be adequate for ensuring proper adhesion between optical fibres and the laminate matrix.
Terminations and connections
The development of self-monitoring ('Smart') composites for future aerospace applications requires infrastructure for connection of the monitoring systems in parallel to the structural attachment. Interrogation of optical fibre sensor systems requires precision contact with the input circuitry of the monitoring instrumentation to enable meaningful measurements. The development of practical connection methods was divided into three stages: studies on bare fibres, use of edge connectors and surface mounted connectors.
Bare fibres
Initial studies concentrated on embedding unprotected optical fibres into simple laminated plates for laboratory assessment purposes. It was obvious immediately that the entry and exit points of the fibres at the laminate edges were problematic. During the heating phase of the cure process, the resin viscosity drops to a very low level prior to the start of gelation. Substantial resin flow occurs, usually into areas of the vacuum bag, and auxiliary materials within the bag, outside the area of the laminate proper. This resin flow onto optical fibres extending from the area of the laminate caused embrittlement of the optical fibres to such an extent that demoulding and handling of the laminate without breaking the optical fibres was almost impossible.
Methods were developed using embedded thermoplastic sleeves and locally laminated restricted flow film adhesives for resin flow control at the laminate edges [2] , similar to the methods reported in [3] . These were used for the manufacture of a variety of test coupons in which long lengths of bare fibre protruded from the edges for interfacing with the optical instrumentation. The sleeve/adhesive combination provided fibre protection from both resin flow and local stress concentrations during the cure process, and a strain relief interface at the entry and exit points to reduce fragility during handling in subsequent laboratory testing. The testing demonstrated the practicality of using the embedded fibres for integrated strain sensing monitored via a radiofrequency interferometry technique, as reported in [4] . The method described enabled manufacture of laboratory test articles, but would be totally impractical for any realistic in-service application. A similar approach was taken in experimental studies in [5] , in which silicone rubber impregnated thermoplastic braids were used for the edge protection. Again, while providing a solution for laboratory studies, the solution developed is impractical for routine service. Somewhat different methods for fibre entry and exit point protection were reported in [6] and [7] , using locally occurring synthetic rubber implants. In these developments, the stated aim was to provide protection for an optical fibre during the composite manufacturing stage and a strain relief interface, enabling subsequent attachment to a connector. While this may be practical for the press-moulding process employed in [6] , it is difficult to see how the autoclave process described in [7] , that requires a long unprotected length of fibre for the optical connection, could ever be practical.
Edge connectors
The next phase of our development concentrated on using components of standard optical fibre connectors embedded into the laminate.
Conventional optical fibre plugs incorporate a precision ferrule, usually ceramic, into which the fibre is bonded. Following bonding, the ferrule end is polished together with the fibre to provide the required smooth contact surface for low-loss and low-reflection optical signal transmission.
A technique was developed, as reported in [2] , for embedding ferrules into the edge of a laminate subsequent to bonding the fibre and polishing the ferrule end. Hardware was also embedded next to the ferrule to enable mechanical attachment to a standard straight-through optical plug adaptor. This enabled direct attachment of a standard optical fibre cable with a FC-PC type connector. This connection was reasonably robust, but required a specifically-designed local laminate build-up to accommodate the embedded ferrule and attachment hardware. Obviously, laminate trim in these areas was impossible.
A similar approach was reported in [8] , in which especially-designed embeddable miniaturized connectors were used as component-to-component edge connectors. Edge-embedded optical fibre connectors have also been reported in [9] , for the monitoring of optical fibres used as Lamb wave detectors as an in situ composite non-destructive testing technique.
Most aircraft composite components require either edge trimming or moulding to final dimensions using net dimension tooling. Also, structurally loaded parts will be mechanically attached to adjacent structure and edge embedded connectors would be a major complication. Accordingly, though it is not impossible that applications may present themselves for edge connections, they are likely to be in the minority, and it was decided to concentrate efforts on connection methods remote from component edges.
Surface mounted connectors
The objective of this phase of the work was to identify an industry standard optical fibre plug or socket (or parts thereof) that could be used as an embeddable detail within a composite part free surface and enable subsequent assembly into a robust connector system. Following surveying of the available hardware, an AMP fibre optic backplane connector was selected for study, a connector originally intended to provide optical interconnection of daughter cards to mother boards in electronic equipment. Single-mode and multimode versions are available, with either two, four or eight connection channels, with a claimed typical insertion loss of 0.5 dB. The daughter card provides a floating connection, and alignment pins on the mother board assure mating. The mother board incorporates an interface for standard SC terminated optical cable assemblies.
The daughter card contains removable spring-loaded ceramic ferrule termini that enable the floating connection. These termini are rugged units amenable to protection from the rigours of composite manufacturing processes in a similar manner to that previously described for edge mounted ferrules. Accordingly, efforts were concentrated on development of the daughter card assembly as a surface mounted connector.
The first stage was to bond polyimide jacketed fibres into the termini and polish the exposed ferrule end containing the fibre. This used the same procedures developed for the edge mounted ferrules, which are essentially modifications of standard procedures for optical cable and plug assembly. Various diameter polytetrafluoroethylene sleeves were slid over the fibre and seated onto the ferrule end to provide fibre protection over a length of a few centimetres. Where termini were mounted onto both fibre ends, these sleeves were slid into place prior to bonding the termini to the fibre. Sleeve ends were potted with RTV silicone rubber to provide local fibre strain relief protection and prevent resin flow into the sleeves during the composite cure process.Terminated fibres were then incorporated into prepreg composite lay-ups using small apertures cut into the surface plies of the laminate to enable passage of the termini. In the case of a fibre with a terminus on one end only, this was achieved via piercing the surface plies with a hypodermic needle, and using the needle as a guide for fibre insertion.
At this stage, the lay-up was ready for autoclave consolidation.
Additional mechanical protection was necessary to prevent physical damage of and resin ingress into the terminations during the cure process, and to avoid the terminations embedding themselves into the laminate surface. This was achieved by using a silicone rubber block cast conformally to the profile of the termini and the PTFE sleeves. The area and shape of the block was designed to minimize the print produced on the laminate surface at the block edges. Figure 2 illustrates a panel with the embedded termini inserted into the daughter card assembly, the daughter card assembly attachment to the panel, and the insertion of the connecting mother board. In this case, only two pins of a four-pin connector are utilized. Optical testing of this assembly measured a signal loss of 1.5 dB total, roughly consistent with the plug manufacturers claim of an insertion loss of 0.5 dB per connection. Further developments have incorporated metal shields to protect the exposed segment of the fibre/sleeve assembly.
Strain measurement
Many approaches have been described in the literature for fibre-optic strain sensing [10] , some of them suitable for measuring strain in composites with embedded sensors. We have studied the use of two of these methods, RF modulation and Bragg gratings.
RF modulation
In radiofrequency (RF) measurements, the effect measured is the change of transit time of light along the embedded fibre as a function of axial strain. To measure this change efficiently, the embedded fibre forms part of an interferometer driven by a RF frequency modulated diode laser. Since the RF phase with which the light emerges from the embedded fibre depends on the time of transit, measurement of this phase, enabled by the interferometric scheme, yields the desired strain value. The method has been applied to various composite parts equipped with conventional electrical resistance strain gauges for comparison purposes. A 2.5 GHz RF source was used to amplitude modulate a 1.3 µm optical carrier. The method was also used on a free fibre with direct micrometer measurement of strain, for reference and calibration purposes.
The method for deriving fibre strain from the measured phase shift is described in [4] . The free fibres produced a linear strain indication as a function of the directly measured applied strain. However, deviations from linearity were observed in the case of embedded fibres. The optically indicated strain fluctuated periodically around the strain value indicated by the electrical strain gauge, but the overall (smoothed) response of the two strain sensing systems was similar.
The optical results were found to be highly sensitive to the polarization of the incident light. A polarization controller was installed just in front of the sample under test, and instead of increasing the applied load monotonically, the load was held at various fixed values. At these fixed points, strain measurements were taken for different settings of the polarization controller, i.e. for different input polarization states. It was observed that the variations in sensor output caused by the changes in the input polarization state were of the same magnitude as the fluctuations observed in the signal from the monotonically loaded embedded fibres interrogated at a fixed input polarization state. Based on this, as well as on other observations, it was concluded that the fluctuations were the result of polarization mode dispersion, which was induced into the embedded fibre during the high-temperature/high-pressure composite manufacturing process. Notwithstanding this effect, it was found possible to use the RF technique for measuring the integrated total strain along the embedded fibre length.
Bragg gratings
Conventional electrical resistance strain gauges measure at a specific location. By using strain gauge rosettes it is possible to measure multi-axial strain states at a particular location. This type of measurement is that usually required for analysis of aerospace component structural performance. The integrated strain sensing characteristic of the RF modulation technique makes it unsuitable for point measurement. Accordingly, the use of Bragg grating sensors, which provide a point measurement capability, was studied in addition. The Bragg grating [10] consists of a periodic optical structure, i.e. an optical diffraction grating, written by UV light onto the fibre core. Out of broad spectrum light travelling down the fibre, a specific wavelength is back reflected by the grating with high optical efficiency. This wavelength is a function of the grating period, and indicates the local strain at the grating location as a shift in the reflected wavelength [10] . This approach is being actively studied following the recent commercial availability of these gratings. Initial trials with Bragg sensors embedded into composite samples have indicated excellent linearity and repeatability of response, using electrical gauges as a reference. A significant advantage of these sensors is that by suitable multiplexing arrangements, it is possible to incorporate multiple sensors on a single fibre to provide a multi-point strain measuring capability. A system was developed for multiplexing for 10 sensors, via interrogation of individual sensors in appropriate time windows. Strain level, characterized by signal processing of two sensor channels, was accurate to ±200 µstrain at a strain level of 3000 µstrain. We are investigating the possibility of exploiting this capability to produce an optical fibre rosette with multi-axial point strain monitoring capability requiring the embedding of only a single optical fibre.
Stress and strain changes due to the presence of an embedded optical fibre
An embedded optical fibre in a composite structure might affect the strength of the host composite material. In this section we try to quantify this effect by computing the change in the stress field in the composite material due to the presence of an embedded coated (jacketed) optical fibre. Since the embedded optical fibre is meant to be used as a strain gauge, it is important to know how much the strain reading in the fibre differs from the strain in the composite if the fibre was not present. Similarly, the strain field in a system consisting of an optical fibre, coating and host material is analytically computed and the change in strain reading due to the presence of the optical strain gauge is discussed.
A simplified model of the composite structure and the embedded optical fibre is used in order to compute stress and strain fields. The fibre is taken to be embedded in a transversely isotropic material along the symmetry axis. Both the fibre and the coating are assumed to have isotropic mechanical properties and the bonding between the three materials is assumed to be perfect. Figure 3 describes a cross section perpendicular to the fibre axis with a cylindrical coordinate system. The symmetry axis of the fibre is parallel to the Z-axis, while rf and rj are the radii of the fibre and coating, respectively.
Material properties and dimensions used for the solution process are
The composite material is subjected to uniaxial traction S, which can be described in a cylindrical coordinate system, along the radius r c and on the cross section at z = L, in the form
The form of the boundary conditions suggests deflections of the form given in [11] : .
In a similar way to [12] , we make use of the strain-deflection relations 
and of Hooke's law for transversely isotropic materials, to write the continuity conditions for displacements and traction at the material interfaces, rf and rj , and the stress boundary conditions (1) . Together with the fact that the displacements at r = 0 are finite, this set of equations can be solved for the coefficients A The first goal, of finding the effect of the presence of the optical fibre on the stress field, is obtained by solving the equations for the stress field in the composite material and comparing this field to the field without the optical fibre presence. In figure 4 the stresses σ rr , σ tt and σ rt , in the composite host material, along the coating-host interface are plotted. The stresses are normalized with respect to the maximum equivalent stress component for the same boundary conditions without the fibre and the coating. The stress decreases as the distance from the interface increases. From the plots it can be seen that the presence of the optical strain gauge causes a 'stress concentration' of up to 1.2. This effect should be considered in structural design especially because the optical strain gauges are intended to be used in critical load carrying regions of the structure.
The longitudinal strain component, ε zz , is constant, and with the material properties we used its value is 1.1 of the same strain component should the whole material be the composite material. The presence of a relatively compliant fibre causes the strains in the fibre (the strain reading), under the prescribed boundary conditions, to be different from the 'undisturbed strain'. The difference, with the materials we presently use, is about 10% and should be considered when accurate measurements are required. It was suggested in [12] that a possible way to overcome the problem of stress concentration is to choose a suitable coating material. The same solution can be used in order to decrease the strain reading inaccuracy. Nevertheless, the choice of coating material takes into account other considerations, such as process temperature, protective properties, etc. Only a limited number of coating materials are commercially available, and thus the pros and cons of commercial coatings, with relation to the mechanical properties of the system, must be thoroughly examined and the parameters of a selected coating incorporated as design parameters.
Separation of strain and temperature effects
An inherent problem with Bragg sensors is the superposition of the effects of temperature and strain [13] . Strain applied to the Bragg sensor alters its reflected wavelength which is, unfortunately, affected also by temperature changes. Many solutions have been suggested for this problem. We are currently investigating a modification of an interesting solution demonstrated in [14] , where the optical fibre is tapered over a length of a few millimetres and the grating is then written in this tapered area while the fibre is under tension. For a sensor of this configuration, if the spectral width of the grating reflection (rather than the central peak wavelength) is monitored, a signal is obtained that depends only on strain and not on temperature.
Conclusions
This work has established infrastructure for incorporating optical fibre sensors into future aerospace components, capable of extension to formalized procedures for design, structural analysis and manufacture.
Practical methods have been developed for embedding and connecting to optical fibres in composite materials, while maintaining adequate optical performance. Standard optical fibre communications hardware was exploited to assure current and future compatibility with monitoring instrumentation. Further assessment is required of the longterm performance of the embedded sensors and connectors in typical operating environments.
Strain measurements have demonstrated good correlation between embedded optical sensors and conventional strain gauges. The potential of multiplexing to provide a multi-point sensing capability with a single fibre was verified. This capability is critical for providing multi-axial strain measurement at a specific location as required for analysis of structural performance. Analytical methods developed for assessing the effect of embedded fibres on composite properties have enabled prediction of local stress and strain distributions. This provides a basis for further development of design and analysis methods for composite structures which will incorporate sensors in stress critical locations.
